The aldol condensation of indane-1,3-dione (ID) to give 'bindone' in water is catalysed by an M8L12 cubic coordination cage (H w ). The absolute rate of reaction is slow under weakly acidic conditions (pH 3-4), but in the absence of a catalyst it is undetectable. In water, the binding constant of ID in the cavity of H w is ca. 2.4(±1.2) × 10 3 M −1 , giving a ∆G for the binding of −19.3(±1.2) kJ mol −1 . The crystal structure of the complex revealed the presence of two molecules of the guest ID stacked inside the cavity, giving a packing coefficient of 74% as well as another molecule hydrogen-bonded to the cage's exterior surface. We suggest that the catalysis occurs due to the stabilisation of the enolate anion of ID by the 16+ surface of the cage, which also attracts molecules of neutral ID to the surface because of its hydrophobicity. The cage, therefore, brings together neutral ID and its enolate anion via two different interactions to catalyse the reaction, which-as the control experiments show-occurs at the exterior surface of the cage and not inside the cage cavity.
Introduction
The use of self-assembled molecular containers such as coordination cages as catalysts for reactions that occur in the central cavity has provided some remarkable examples of synthetic hosts providing enzyme-like levels of the rate acceleration of reactions. The range of reactions that has been shown to be catalysed is now extensive [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Many examples of cage-based catalysis rely on the steric properties of the cavity to provide the catalytic effect. Thus, the early examples of the acceleration of Diels-Alder reactions occurred on the basis that co-location of the two components in the same cavity provided a high local concentration of the two reacting partners [11] [12] [13] [14] . Unimolecular pericyclic reactions can be accelerated because the folding of the guest allows it to bind in the cage cavity, resulting in a conformation that is close to the transition state [15] [16] [17] [18] [19] . Catalytic effects based on the electronic properties of the cage have also emerged, with photoinduced electron transfer between components of the cage walls and a bound guest, triggering useful reactions [20] [21] [22] [23] ; and an improved artificial 'Diels-Alderase' has been demonstrated, based on the electronic activation of the dienophile component by hydrogen-bonding interactions between the cage and guest, showing substantial rate enhancements without the need for the diene to be co-located in the cavity [24] . Possibilities for cage-based catalysis have been extended by the encapsulation of small-molecule catalysts, from mononuclear organometallic species to polyoxometallates, inside cage cavities [25] [26] [27] : in these cases, the cage itself is not the catalyst, but it modifies the behaviour of the bound catalyst that operates inside a constricted environment quite different from that in the bulk solution.
We have recently demonstrated examples of catalysis using an octanuclear, approximately cubic, M8L12 coordination cage host denoted H or H w , depending on external substituents ( Figure 1 ) [10, [28] [29] [30] , which in water binds a wide range of hydrophobic guests in the central cavity, driven principally by the hydrophobic effect [31] [32] [33] . We note that a diverse range of octanuclear cages with the capacity to bind guests in the cavity is known [34] [35] [36] [37] . The basis of guest binding in our hosts H/H w in solution is well understood to the extent that we have developed a reliable predictive model for quantifying the guest binding free energies [38, 39] . In addition to binding guests in the central cavity, the high positive charge [+16, arising from eight Co(II) ions] results in the accumulation of anions around the cage surface, resulting in a high local concentration of anions surrounding the guest, which is the basis for the catalysis [29, 30] . We also showed that the binding of anions to the cage surface depends on how readily the anion can be desolvated, with chloride ions displacing hydroxide, and in turn, phenolate anions displacing chloride ions [30] , allowing the nature of the anionic reaction partner surrounding a guest to be controlled. Thus, the cage offers the possibility to co-locate (i) a substrate that binds via the hydrophobic effect, with (ii) a high concentration of anions that accumulate around it via ion-pairing, two orthogonal interactions that, in combination, could promote a wide range of catalysed reactions between organic substrates and anions in water. We note that this accumulation of counter-ions around charged cages that can participate in catalytic reactions has also been exploited by Raymond et al. in the opposite sense: they used highly anionic cages to stabilise protonated forms of cavity-bound substrates, even at high pH values [18, [40] [41] [42] . [28] ; H w , R = CH2OH, [31] ). (a) A sketch showing the approximate arrangement of metal ions and the structural formula of the bridging ligands, which span every edge of the cubic array of Co(II) ions; (b) view of the cationic cage cavity with each ligand coloured separately (from [28] ).
We report here that our cage system can catalyse an aldol reaction: the conversion of indane-1,3-dione to bindone (Scheme 1) [43] [44] [45] [46] . This was discovered by accident when we were evaluating the binding constants of a range of possible guests using spectroscopic titrations in solution; the addition of indane-1,3-dione (abbreviated hereafter as ID) to an aqueous solution of H w resulted in the gradual appearance of a purple colour, which interfered with the titration experiment, but signalled the formation of the condensation product bindone. This did not occur in the absence of the cage under the same conditions. The facile aldol condensation of ID to give not just bindone, but also higher oligomers by multiple aldol-type reactions, has been known for over a century [45, 46] and was recently re-studied in detail [43, 44] . As ID has a pKa of close to 7, the reaction can occur under very mild conditions and can even be catalysed by the surface of laboratory glassware, meaning that spectroscopic studies need to be prepared and performed in either plastic or quartz vessels. 
Materials and Methods
The Co(II)-based cage H w was prepared as its fluoroborate salt through a previously-published method [28] . Indane-1,3-dione was purchased from Sigma-Aldrich; it reacts slowly with atmospheric moisture, so was dried under high vacuum, and stored in a desiccator. The instrumentation used for routine spectroscopic measurements was as follows: 1 H-NMR spectroscopy, a Bruker Avance 300 MHz instrument; UV/Vis absorption spectra, an IMPLEN NanoPhotometer C40 cuvette reader, or BMG CLARIOstar plate-reader. Solution pH measurements were performed with a Hamilton Spintrode pH combination electrode calibrated with standards at pH 4.01 and 7.00.
Measurement of the binding constant of ID in H w was performed as follows. A series of 13 NMR tubes was prepared containing 0.6 mL of a D2O solution containing 0.2 mM H w at pD = 3.8, with the ID concentration varying from 0 to 1 mM (i.e., 0 to 5 equivalents) across the series. Spectra were recorded at 298 K and signals where free and bound H w could be seen separately were deconvoluted and integrated to allow the calculation of K (see main text).
Catalysis experiments were performed at 298 K using aqueous solutions containing H w (0.09 mM) and ID (0.9 mM) at pH 3.4 in a 1 cm path-length quartz cuvette. Progress was monitored on a UV/Vis spectrophotometer by growth in the absorbance of the product bindone at 550 nm (see main text).
The X-ray crystallographic data for the H w /ID complex were collected in Experiment Hutch 1 of beamline I-19 at the UK Diamond Light Source synchrotron facility [47] . Full details of the instrumentation, methods used for data collection, and for the solution and refinement of the structure, are as recently published [48] . Crystallographic, data collection, and refinement parameters are collected in Table 1 . CCDC deposition number: 1979819. 
Results
To probe the cage-based catalysis of this reaction, we first examined the pH profile of the uncatalysed 'background' reaction, looking for conditions where this was as slow as possible to allow the effects of any catalysis to be most apparent. Monitoring the formation of bindone by UV/Vis spectroscopy (it has a strong absorption maximum at 510 nm in water) [44] at a range of different pH values showed that the reaction proceeds quickest in the pH range 6-7 where, based on the pKa of the starting material, there will be substantial amounts of both nucleophilic enolate anions and electrophilic neutral ID present; the reaction becomes slower at greater extremes of high or low pH. To facilitate the analysis of the reaction by UV/Vis spectroscopy, we therefore performed our subsequent experiments in the range of pH 3-4, reasoning that-as with the Kemp elimination reactions we examined earlier [29, 30] -the high positive charge of the cage should stabilise the anionic enolate form of ID, even under relatively acidic conditions. Furthermore, at this pH, the intense yellow colour of the enolate anion, which would make the observation of the emerging colour of bindone more challenging, was not present.
We measured the binding constant of ID in the cage cavity with a 1 H NMR titration, adding several equivalents of ID in small aliquots to a D2O solution of H w at pD 3.8 (when the uncatalysed aldol reaction is extremely slow). The evolution of the 1 H NMR spectra is shown in Figure 2 . It is clear that ID binds in the cage cavity in slow exchange with free guest in solution, as separate signals for free cage H w , and the complex H w •ID could be observed with the former progressively reducing in intensity and the latter increasing during the titration. The occurrence of a single signal for each host proton in the complex H w •ID implies rapid motion of the ID guest in the cavity, such that the symmetry of the cage is preserved on the NMR timescale when the guest binds [49] . Estimates of the binding constant K could be obtained by deconvoluting and integrating the separate (but closely spaced) H w and H w •ID signals at several different points across the 1 H NMR spectrum for known concentrations of cage and added guest. In this case, the close overlap of signals for the free and bound cage, coupled with uncertainties associated with deconvoluting and integrating broad signals from a paramagnetic compound, resulted in a high uncertainty: the average value of K obtained from several such measurements was 2.4(±1.2) × 10 3 M −1 , where the e.s.d. quoted is double the standard deviation obtained from averaging multiple measurements. We note that our algorithm for estimating binding constants using molecular docking software with a customised scoring function suggested a binding constant of 1200 M −1 [38, 39] , which is in good agreement with our estimate, and many structurally similar guests have binding constants in the 10 3 -10 4 M −1 range [31, 38] .
A crystal structure of the cage/guest H/ID complex could be obtained using the crystalline sponge method that we have used in previous work by preparing crystals of the free host cage H by a solvothermal synthesis, followed by slow cooling [28] , and immersing them in a concentrated solution of ID in MeOH for several hours, which resulted in guest uptake without loss of crystallinity [48] . Details of the structure are shown in Figures 3-5 .
Rather than the expected one molecule of guest, which we have often observed in previous work, we found a pair of guests stacked across an inversion centre in the cage cavity ( Figure 3 ). This is not a 50:50 disorder as each guest molecule (the two are crystallographically equivalent) refines with unit site occupancy, and the distance between them is typical of π-stacking (3.48 Å). The combined volume of two ID guests (74%) significantly exceeded the value of 55 ± 9% of the host cavity volume (409 Å 3 ), which Rebek showed a while ago afforded optimal guest binding in solution [50, 51] . However, a crystalline sponge experiment was performed under highly forcing and non-equilibrium conditions using a large excess of the guest; we [48] and others [52] [53] [54] have observed packing coefficients for guests inside supramolecular host cavities of >80% when favourable interactions such as π-stacking between multiple guests and favourable interactions between guests and the cage interior surface result in a particularly compact guest array. In dilute solution-the conditions under which guest binding is normally evaluated-we can imagine that for this reason, the second binding constant K2 would be substantially smaller than the first binding constant K1, in which case, the single-guest binding would dominate the solution speciation behaviour [48] . The (crystallographically equivalent) guests interact with the cage interior surface through multiple CH···O hydrogen bonds between the ketone O atoms, which are weak hydrogen-bond acceptors, and inwardly-directed C-H bonds from the ligand set, whose ability to act as weak H-bond donors is improved by the high positive charge of the assembly (Figure 4) [49, 55] . One of the O atoms [O(14G)] lies in an H-bond donor pocket close to a fac tris-chelate metal ion, which contains several convergent CH groups (from methylene CH2 and naphthyl CH protons) whose combined H-bond donor effect is comparable to a phenol group in terms of its overall hydrogen-bond donor strength [49, 55] . The penetration of one of the C=O groups of the ID guest into this pocket results in non-bonded H···O distances associated with these CH···O interactions in the range of 2.5-3 Å. The other carbonyl O atom [O(15G)] likewise forms CH···O interactions with inwardly-directed naphthyl and pyrazolyl CH protons from the cage surface, with O···H distances of 2.8-2.9 Å. Figure 3 ) and around the exterior cage surface. It is not possible to tell whether the external guests are neutral ID or are the enolate anions stabilised by the high positive charge of the cage surface.
There is an additional molecule of ID in each asymmetric unit (which contains half of a complete cage unit). This was refined with a site occupancy of 0.42; it lies in the space between cage molecules, and interacts with the cage exterior surface ( Figure 5 ) through a similar set of CH···O hydrogen-bonds, as we saw for the interior guests, with O···H distances in the range 2.5-2.7 Å [thus the overall formulation, ignoring solvent molecules, is H•(ID)2.84]. We have assumed, for the purposes of the crystallographic refinement, that this is a neutral ID molecule incorporating a CH2 fragment between the two ketones. However, the possibility exists that this could be the enolate anion of ID, stabilised by the highly cationic cage surface. For a structure of this type (a large supramolecular assembly with weak scattering due to solvent/anion disorder), there is no way to ascertain this crystallographically. Marginal differences in the C-C and C-O distances between the neutral and enolate forms of ID are not meaningful, given the extensive use of geometric restraints in the refinement (see CIF for details, Supplementary Materials), and charge balance considerations are not helpful either due to the solvent/anion disorder that required the use of SQUEEZE [56] to eliminate diffuse electron density from the refinement. We note, however, that the CH···O H-bonding interactions between the carbonyl oxygen atoms of the external ID molecule and the CH groups of the cage surface are shorter, on average, than those of the cavity-bound guest, consistent with the 'external' guest being in its anionic form. Whether the 'external' ID molecules in the crystal structure are in the neutral form or are actually the enolate anions, this structure provides a nice illustration of how the cage host can simultaneously co-locate a hydrophobic guest (in the cavity) and additional reaction partners around the exterior surface [30] .
Catalysis experiments were performed with an aqueous solution of H w (0.09 mM) and up to 10 equivalents of ID at pH 3.4 ( Figure 6 ). Under these conditions, in the absence of the cage, no measurable conversion of ID to bindone was seen over prolonged periods (days), presumably due to the absence of any significant amount of the enolate anion of ID. Metal fluoroborate salts on their own, likewise had no catalytic effect. However, in the presence of cage H w , steady growth in the absorbance associated with bindone was seen. This has a maximum at 510 nm, but it was monitored at 550 nm to avoid any possible competition from absorbance associated with the enolate anions, which is significant at 510 nm. The virtually straight-line growth of bindone over this period of time means that the reaction progress cannot meaningfully be fitted to a specific kinetic model; leaving the reaction for longer to let more bindone form results in solutions becoming cloudy as the product has poor water solubility. We can say, however, that after 12 h, around 3% of the ID was converted to bindone, increasing to 10% after 36 h, corresponding to approximately one turnover per catalyst molecule over 36 h. Although the absolute rate of the formation of bindone catalysed by the cage is therefore extremely low, compared to the undetectable formation of bindone in the absence of catalyst at this pH, the catalysis of the reaction under these conditions is clear. Figure 6 . Cage-catalysed conversion of ID to bindone (0.9 mM ID at start; 298 K, pH 3.4), performed in a UV/Vis cuvette and monitored by measuring the increase in optical density at 550 nm arising from product formation. Green circles represent the background reaction (no significant reaction in the absence of cage H w ). Red circles represent the progress of the reaction in the presence of 0.09 mM H w (i.e., the catalysed reaction). Blue circles represent catalysis under the same conditions as the red circles, but with 1.8 mM cycloundecanone added to block the cage cavity, showing that blocking the host cavity does not inhibit the catalysis, which must therefore occur at the external surface of the cage (see main text).
Control experiments suggested that the reaction does not actually occur inside the cage cavity, but at the external surface, which is a possibility that has very recently emerged from related studies on catalysis with this cage system [57] . In the confined space of the cavity, any successful reaction would require an ideal configuration of the cavity-bound and surface-bound reacting partners, and when this happens, it can lead to very large rate enhancements [10, 29] . However, hydrophobic substrates that do not bind in the cavity, or that cannot react for geometric reasons whilst inside the cavity, can also interact with the cage exterior surface, which is just as hydrophobic as the interior surface and has a greater area: these substrates can thereby be brought into the region around the cationic surface where anions have accumulated because of ion-pairing effects [57] . The key control experiment here is to perform the reaction in the presence of an excess of cycloundecanone. This binds strongly in the cage cavity (>10 6 M −1 ) [32] and therefore prevents the substrate ID from binding, however, it has no effect on the rate at which bindone is formed. This clearly indicates that cavity-based binding of ID is not necessary for the catalysis to occur, therefore it follows that the catalysed reaction occurs at the external surface of the cage where enolate anions of ID accumulate [57] .
Discussion
Clearly the aldol condensation of two molecules of ID to bindone is catalysed by the presence of the cage. A plausible mechanism is that the hydrophobic, but cationic surface of the cage stabilises the enolate anion of ID, effectively reducing its pKa, so that when close to the cage, it can be deprotonated even at pH 3.4 when the expected pKa is 7. We emphasise that 'soft' anions such as phenolates have already been shown to have a higher affinity for the cage surface than more highly solvated anions such as hydroxide or chloride [9] . It is also significant that Raymond and co-workers observed that the basicity of an amine could be increased by >4 pKa units when the amine is bound inside a cage host with a charge of −12 [42] : the charge of +16 on H w implies that a comparable increase in the acidity of ID (i.e., stabilisation of the enolate anion) is plausible if the anion is interacting with the cage surface. As the cage can also bind neutral ID inside the cavity through the hydrophobic effect (cf. the crystal structure), we can see how the cage plays the role of bringing together a neutral substrate and an anion with which it can react through two orthogonal interactions, but this time resulting in a C-C bond forming reaction.
This particular reaction is an old one [45, 46] and in itself not of the highest importance. The catalysis we observed is very slow in absolute terms; and looking at the reaction in more detail is made difficult by the poor solubility of bindone in water. The importance of these results, however, is that they open the possibility of using the cage to stabilise enolate anions and accumulate them around substrates attracted to the cage via the hydrophobic effect. Whether the reaction occurs inside the cavity or outside, this opens up the general possibility of using the cationic/hydrophobic surface of this cage and others like it as a general catalyst for aldol-type reactions, which would have substantial synthetic utility. We note that Mukherjee et al. have recently reported the condensation reactions of relatively acidic ketones with hydrophobic aldehydes using a trigonal prismatic [Pd 2+ ]6 coordination cage as a catalyst, which allows the reactions to proceed under much milder conditions than in the absence of a catalyst [58] . This can be attributed in part to the hydrophobicity of the cavity that increased the thermodynamic driving force for the elimination of water, and its expulsion into the bulk solvent, but the role of the positive charge of the cage in stabilising anionic intermediates has also been suggested [58] , which is exactly in agreement with what we propose. 
